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The protective effect of Regulator of G protein Signaling 2 (RGS2) in cardiac hypertrophy is thought to occur
through its ability to inhibit the chronic GPCR signaling that promotes pathogenic growth both in vivo and in
cultured cardiomyocytes. However, RGS2 is known to have additional functions beyond its activity as a GTPase
accelerating protein, such as the ability to bind to eukaryotic initiation factor, eIF2B, and inhibit protein synthesis.
The RGS2 eIF2B-interacting domain (RGS2eb) was examined for its ability to regulate hypertrophy in neonatal
ventricular myocytes. Both full-length RGS2 and RGS2eb were able to inhibit agonist-induced cardiomyocyte
hypertrophy, but RGS2eb had no effect on receptor-mediated inositol phosphate production, cAMP production,
or ERK 1/2 activation. These results suggest that the protective effects of RGS2 in cardiac hypertrophymay derive
at least in part from its ability to govern protein synthesis.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Pathological cardiac hypertrophy is an enlargement of the heart ac-
companying many forms of heart disease, and is an independent risk
factor for cardiovascular morbidity and mortality [1]. In response to a
variety of stimuli including chronic hypertension and acute myocardial
infarction, the myocardium increases in size in an attempt to normalize
wall stress and maintain cardiac function [1,2]. Although initially
believed to be a compensatory mechanism, prolonged hypertrophic
stimuli can tip the balance from an adaptive towards a maladaptive
response, leading to abnormal metabolic, structural, and functional
changes that over time can result in cardiac remodeling, increased
cardiac fibrosis, dilation and ultimately heart failure [1,2]. As cardiac
hypertrophy progresses, cardiomyocytes undergo increased protein
synthesis and become larger [3], and also exhibit characteristic genetic
changes [4] and signs of ER stress [5].

G-protein coupled receptor (GPCR) signaling regulates essential
functions in the cardiovascular system such as heart rate and contractil-
ity; however, sustained stimulation of certain G protein-coupled recep-
tors promotes cardiomyocyte hypertrophy and thus plays a pivotal role
in the development of humanheart failure. These include angiotensin II,
endothelin, andα1-adrenergic receptors, which couple primarily to Gq,
and also β-adrenergic receptors that primarily activate Gs [6,7]. GPCRs
and G proteins are themselves under the control of another family of
f Pharmacy, 320 Porter Avenue,
proteins, the Regulator of G protein Signaling (RGS) proteins [8,9].
RGS proteins are negative modulators of cellular signaling that function
by acting as GTPase accelerating proteins (GAP) for members of the Gαi
and/or Gαq subfamilies of heterotrimeric G proteins [8–10]. In addition,
RGS proteins have also been shown to block signal transduction by
interfering with G protein–effector interactions [8–10].

RGS2 is unique among RGS proteins in being Gαq/11-selective
[11,12], which results from its low affinity for Gαi [13]. Although it
has no observable effect on the GTPase activity of Gαs [11,14], RGS2 is
able to inhibit Gαs-stimulated adenylyl cyclase activity [15]. Apart
from its effects on G protein-mediated signaling, RGS2 can also regulate
tubulin polymerization [16], TRPV6 cation channels [17], and the initia-
tion ofmRNA translation [18]. RGS2 inhibits translation via its effects on
the initiation factor eIF2B, which results in a reduction in global protein
synthesis [18]. This function maps to a 37 amino acid residue domain
that overlaps extensively with the RGS domain of RGS2 (RGS2 eIF2B-
interacting domain), and a corresponding peptide is able to inhibit
in vitro translation in a dose-dependent manner [18].

RGS2 is upregulated in response to, and can inhibit both Gq- andGs-
mediated signals [15,19–22]. Additionally, RGS2 is upregulated in many
cells due to various forms of stress and may contribute to the cellular
stress response [23]. RGS2 can impede Gq- and Gs-associated hyper-
trophic growth in cardiomyocytes, and its loss contributes to the devel-
opment of hypertrophy [19,20,22,24,25]. Notably, mice lacking RGS2
that undergo transverse aortic constriction exhibit a greater degree of
cardiac enlargement and develop heart failure more rapidly than their
wild type counterparts [25]. The observed protective effects of RGS2
against hypertrophy are generally assumed to reflect its ability to limit
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GPCR signaling, however the possible contributions of its other func-
tions have not been explicitly considered. Specifically, the ability of
RGS2 to limit global protein synthesis would be expected to limit cellu-
lar growth, and in the present study we test the hypothesis that the 37
amino acid eIF2B-interacting domain of RGS2 (RGS2eb) might decrease
GPCR-induced cardiomyocyte hypertrophy.

The primary factor controlling the physical growth associated
with myocardial hypertrophy is regulation of protein synthesis in
cardiomyocytes [26], and it has been shown that β-adrenergic
receptor-induced hypertrophy is mediated through eIF2Bε [27].
Here we report that both RGS2 and RGS2eb are able to inhibit α- and
β-adrenergic receptor-induced hypertrophy in rat neonatal cardio-
myocytes. Unlike the full length protein, RGS2eb did not inhibit G
protein-mediated effects on secondmessenger levels or ERK phosphor-
ylation, suggesting that its antihypertrophic effects are due to the direct
inhibition of mRNA translation. It follows that the antihypertrophic
effect of full length RGS2may arise at least in part from its ability to cur-
tail protein synthesis.

2. Material and methods

2.1. Recombinant adenoviruses

Replication-defective adenoviruses encoding GFP (Ad-GFP), RGS2
(Ad-RGS2), and the 37 amino acid residue eIF2Bε binding domain of
RGS2 (Ad-RGS2eb) were generated with the AdMax adenovirus vector
creation kit according to the manufacturer's protocol (Microbix
Biosystems, Inc., Toronto, Canada). Empty adenovirus (Ad-Ctr) lacking
a gene insert was also used as a control. AdEasy Viral Titer kit (Agilent
Technologies) was used to determine adenoviral titers following the
manufacturer's procedure.

2.2. Isolation and primary cell culture of neonatal rat ventricular myocytes

Neonatal ventricular myocytes were isolated from 1 day-old
Sprague–Dawley rats, as adapted from our previous protocol [20,22].
Hearts were removed from neonatal rats and atrial and connective tis-
sue was excised. Hearts were minced into 1 mm pieces and then
subjected to 5 rounds of enzymatic digestion for 8–10minwith collage-
nase II (0.5mgml−1;Worthington Biochemical Corporation). Digestion
was stoppedwith an equal volume of Hank's balanced salt solution con-
taining 20% fetal bovine serum (FBS) (Gibco). The cell suspension was
centrifuged for 5min at 2000×g and the resultingpelletwas resuspend-
ed in Dulbecco'sModified EagleMedium:NutrientMixture F12 (DMEM/
F12) containing 10% FBS. Cells were preplated in T75 flasks to reduce
non-myocyte contamination (Corning) for 90 min. Isolated cardiac
myocytes were plated in DMEM/F12 containing 10% FBS, 1× insulin–
transferin–selenium Liquid Media Supplement (ITS, Sigma-Aldrich)
and penicillin–streptomycin (Invitrogen) at a density of 4 × 105 cells/
well of a 6-well dish and maintained at 37 °C and 5% CO2. Cardio-
myocyte cultures were found to be ≥95% pure, as tested by immuno-
fluorescent staining for sarcomeric α-actinin.

2.3. Adenoviral infection of neonatal rat ventricular myocytes

Cardiacmyocytes were infectedwith adenovirus encoding GFP, full-
length RGS2, RGS2eb, or an empty adenoviral vector (Ad-Ctr) as a con-
trol 24 h post-isolation, as adapted from previous studies [20,22]. Ade-
noviral gene transfer was accomplished by introducing a minimal
amount of DMEM/F12 with 2% FBS and penicillin–streptomycin
(Invitrogen) (0.5ml for 6-well plates) containing either increasing con-
centrations of adenovirus for adenoviral expression experiments (MOI
of 1 to 10) or at an MOI of 10 for all other procedures (Fig. 1). After
2 h, the full volume of culture medium containing 10% FBS was added
(2 ml per well of 6-well plate) and the myocytes were then incubated
for 24 or 48 h at 37 °C and 5% CO2. Expression of polyhistidine-tagged
RGS2 constructs was verified by immunofluorescent staining as well
as dot-blot analysis of whole cell lysates (Fig. 1B, C).

2.4. Immunocytochemistry

Cardiomyocyteswere seeded on cover slips precoatedwith 1% colla-
gen solution (Sigma-Aldrich). Following infection and/or treatment,
cells were fixed in 4% paraformaldehyde for 15 min, permeabilized
with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 10 min,
and blocked with 3% bovine serum albumin (BSA) in PBS for 1 h. They
were then incubated overnight at 4 °C in 1%BSA/PBS containing primary
antibodies against polyhistidine (His-probe H-15, Santa Cruz Biotech-
nology Inc., 1:500) or sarcomeric α-actinin (polyclonal anti-α actinin,
clone EA-53, Sigma-Aldrich, 1:500), followed by incubation for 1 h
with AlexaFluor488 or AlexaFluor594-conjugated secondary antibodies
(goat anti-rabbit [Invitrogen, 1:5000] and goat anti-mouse [Invitrogen,
1:500]). Cover slips were visualized using an Olympus ix81 microscope
and In Vivo software (Media Cybernetics).

2.5. Drug treatments

To stimulate cardiomyocyte hypertrophy, cells that had been infect-
ed with Ad-Ctr, Ad-RGS2 or Ad-RGS2eb were serum-starved overnight
and then treatedwith agonist to activate eitherα1-adrenergic receptors
(phenylephrine (PE) 10 μM, Sigma-Aldrich) or β-adrenergic receptors
(Isoproterenol (ISO) 10 μM, Sigma-Aldrich®) for 24 h.

2.6. Measurement of cell surface area

Cellular hypertrophywas assessed bymeasuring the cellular surface
area of sarcomeric α-actinin-stained myocytes, as described above.
Cover slips were visualized using an Olympus ix81 microscope using
20× magnification and surface area was quantified using ImagePro
Analyzer software (Media Cybernetics) by imaging the boundary of at
least 50 randomly-chosen individual cells per condition, averaged, and
then normalized to an n value of 1. Results are presented as means ±
S.E.M. from three independent experiments.

2.7. [3H]-leucine incorporation

De novo protein synthesis in adenovirus-infected cells was assessed
by [3H]-leucine incorporation [20,22]. Following serum starvation,
cardiomyocytes were treated with the indicated agonists in the pres-
ence of [3H]-leucine (37 kBq ml−1, Amersham, GE Healthcare) for
24 h. Cells were then washed 3 times with ice-cold PBS and pro-
teins were precipitated by adding 5% trichloroacetic acid (TCA) and in-
cubating for 1 h on ice. After two additional washes with 5% TCA, cell
precipitates were solubilized in 0.2 N NaOH and the radioactivity of
[3H]-leucine incorporated into proteins was measured using a liquid
scintillation counter (Tri-Carb 2900TR).

2.8. RNA isolation and quantitative RT-PCR

RNA was isolated from neonatal ventricular myocytes using Trizol
reagent (Invitrogen) and first strand cDNA synthesis was performed
using High Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems) according to the manufacturer's protocol. Reverse transcribed
RNA was subjected to real-time PCR using Taqman Universal PCR mas-
ter mix; FAM-labeled Taqman expression assay for the genetic
markers of hypertrophy: atrial natriuretic peptide, α-skeletal actin,
and β-myosin heavy chain; and VIC-labeled Taqman expression assay
for GAPDH (Applied Biosystems). Relative cDNA levels were quantified
using a standard curve of the respective genes and normalized to
GAPDH mRNA measured in parallel.



Fig. 1. Expression of adenoviral encoded proteins. (A)Western blot of cell lysates (30 μg/lane) fromNVM infectedwith increasing amounts of Ad-RGS2 for 48 hwere probedwith anti-His
antibody. RGS2 expression increases in a dose-dependentmannerwith increasingmultiplicity of infection (MOI). (B) Adenoviral expression of RGS2 and RGS2eb. NVMwere infectedwith
adenovirus at anMOI of 10 for 24 h and immunofluorescently stainedwith anti-His and AlexaFluor488-conjugated antibodies. DAPI images are shown to indicate efficiency of adenoviral
infection (≥95% at anMOI of 10). Shown is a representative of 3 independent experiments. (C) Dot blot of cell lysates fromNVM infectedwith Ad-RGS2, Ad-RGS2eb, or Ad-Ctr for 48 h and
probed with anti-His antibody. Purified histidine-tagged RGS2 was spotted on as a positive control.
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2.9. Immunoblotting

Rat neonatal ventricular myocytes were infected with adenovirus
encoding Ad-Ctr, Ad-RGS2 or Ad-RGS2eb for either 24 or 48 h. For
MAPK activation experiments, cardiomyocyte cultures were serum-
starved overnight prior to drug treatment. After the indicated treat-
ments,myocyteswere rinsed twicewith ice-cold PBS and lysed in buffer
(20 mM Tris, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 2 mM
EDTA, 2 mM EGTA, 50 mM NaF, 200 μM Na3VO4, 10 mM Na4P2O7,
40 mM β-glycerophosphate, 10 μg ml−1 leupeptin, 1 μM pepstatin A,
1 mM PMSF, and 1 μM calyculin A). Cell lysates were held on ice for
30 min and then centrifuged at 10,000 ×g in a microcentrifuge at 4 °C
for 15 min. Samples were placed in boiling water for 5 min and equal
amounts of protein were subjected to 12% SDS-PAGE. Proteins were
then transferred to polyvinylidene fluoride (PVDF) membrane and
probed with anti-His antibody (His-probe H-15, Santa Cruz Biotechnol-
ogy Inc., 1:1000) for expression experiments or phospho-ERK 1/2 anti-
body (Cell Signaling Technology Inc., 1:1000 dilution) forMAPK studies.
The phospho-ERK 1/2 membranes were stripped at 45 °C for
15 min in 62.5 mM Tris–HCl (pH 6.8) containing 1% SDS and
100mM β-mercaptoethanol andwashed extensively in TBST buffer be-
fore being reprobed with the anti-ERK 1/2 antibody (1:2000 dilution;
Cell Signalling Technology). Blots were visualized by chemiluminescent
substrate (LumiGLO Reserve; Kirkegaard & Perry Laboratories, Inc.)
using a digital camera-based imaging system (Fluorchem 8000; Alpha
Innotech Corporation).

2.10. Intracellular cAMP determination

Following infection for 48 h, cells were incubatedwith the phospho-
diesterase inhibitor IBMX (0.5 mM) and then treated with varying con-
centrations of isoproterenol for 90 s before being lysed. Lysates were
frozen at −80 °C and cAMP levels were determined in thawed cell
lysates using the cAMP Biotrak Enzymeimmunoassay (EIA) system
(GE healthcare, Baie d'Urfé, Québec, Canada) according to the manu-
facturer's instructions.



Fig. 2. The RGS2 eIF2B-binding domain blocks cardiomyocyte hypertrophy. NVM infected
with either empty adenovirus (Control) or adenovirus encoding full-length RGS2 (RGS2)
or the RGS2 eIF2B-binding domain (RGS2eb) were treated with vehicle, phenylephrine
(10 μM), or isoproterenol (10 μM) for 24 h. (A) Cells were then fixed and visualized,
and cell surface area was assessed for 50 or more cells per condition. n = 3, error bars
represent mean ± S.E.M., and *p b 0.05 versus vehicle-treated, control infection.
(B) NVM were incubated with [3H]-leucine along with the indicated drugs for 24 h.
Total protein was precipitated using 5% TCA and radiolabeled protein content was deter-
mined by scintillation counting. n = 4–6, done in quadruplicate. Error bars represent
mean ±S.E.M. and *p b 0.05 versus vehicle-treated, control infection.
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2.11. Phospholipase Cβ activity

Rat neonatal ventricular myocytes plated in 24-well dishes were
incubated overnight with 37000 Bq ml−1 myo-[2-3H]inositol
(PerkinElmer Life Sciences) in serum-free DMEM (Invitrogen) [15].
The following day, unincorporated radioactivity was removed bywash-
ing the cells twice with Hanks' balanced salt solution (HBSS) (116 mM
NaCl, 20 mM Hepes, 11 mM glucose, 5 mM NaHCO3, 4.7 mM KCl,
2.5 mM CaCl2, 1.3 mM MgSO4, 1.2 mM KH2PO4, pH 7.4) containing
10 mM LiCl. Cells were then incubated for 15 min in HBSS containing
10 mM LiCl to inhibit inositol monophosphatase before treatment
with increasing concentrations of agonist for 15 min at 37 °C. The reac-
tion was stopped by lysing cells on ice with 0.8 M perchloric acid for
30 min, followed by neutralization of the lysates with 0.72 M KOH/0.6
M KHCO3 solution. For each sample, total myo-[2-3H]inositol incorpo-
rated into the cells was determined by counting the radioactivity pres-
ent in 50 μl of the cell lysate. Inositol phosphates were recovered from
the cell extracts by anion exchange chromatography using Dowex
AG1-X8 (formate form), 200–400 dry mesh anion exchange resin
(BioRad). The columnswere loadedwith 900 μl of the cell extract before
successive washing with distilled water and 60 mM ammonium
formate. Bound inositol phosphates were eluted with 1 M ammonium
formate/0.1 M formic acid solution, and radioactivity was determined
using a liquid scintillation counter. For each sample, the percent conver-
sion of totalmyo-[2-3H]inositol to [3H]inositol phosphates was calculat-
ed. Cell density was monitored for each condition.

2.12. Cardiomyocyte siRNA transfection

Neonatal ventricular myocytes were transfected with siRNA 24 h
after isolation using Lipofectamine 2000 reagent following the
manufacturer's instructions (Invitrogen). Lipofectamine 2000 and
siRNA were first separately diluted in OPTIMEM I (Invitrogen) and
then mixed together at a v/v ratio of 4:1, Lipofectamine 2000 to siRNA.
The cell culture medium was replaced with antibiotic-free transfection
medium (DMEM/F12 and 2% fetal bovine serum) and following a
20 minute incubation at room temperature, the RNA-Lipofectamine
2000 mixture was added to the wells (150 pmol/well of a 6-well
plate). Cells were maintained under normal conditions until analysis
and the transfection medium was replaced with serum-free DMEM/
F12 containing 1× ITS Liquid Media Supplement (Sigma-Aldrich®)
24 h after transfection.

2.13. Statistics

Group data are presented as mean ± S.E.M. for (n) determinations
as indicated. Statistical significance was determined using one-way re-
peated measures ANOVA (GraphPad Prism 4) with Tukey's post-test.
Normalized data were analyzed using column statistics followed by
one-sample t test to determine if columnmeans are significantly differ-
ent than the hypothetical value of 100. Concentration-dependence data
of cAMP accumulation was analyzed by nonlinear regression using a
sigmoidal curve fit with a variable slope (GraphPad Prism 4). A p
value b0.05 was considered statistically significant throughout.

3. Results

3.1. RGS2eb expression attenuates the development of cardiomyocyte
hypertrophy in response to phenylephrine and isoproterenol

Our previous work showed that full length RGS2 as well as the 37
amino acid residue eIF2B-interacting domain (RGS2eb) can inhibit de
novo protein synthesis in vitro as well as in multiple cell types. The abil-
ity of RGS2eb to impede protein synthesis is sequence specific, as a con-
trol scrambled 37-mer peptide (same residues as RGS2eb but in
randomized order) did not exhibit any inhibitory effects on in vitro
translation (data not shown). These results likely reflect the sequence
and structural homology between RGS2eb and the established eIF2B-
binding region of aIF2β (bacterial homolog of eIF2β). Thus, we went
on to examine whether RGS2 and RGS2eb could also inhibit GPCR-
stimulated protein synthesis and other indices of hypertrophy in isolat-
ed cardiomyocytes. Three major endpoints of hypertrophy were
assessed: total cell surface area, rate of protein synthesis, and expression
levels of genetic markers upregulated in the hypertrophic state. Adeno-
viral constructs [18] at an MOI of 10 achieved exogenous gene delivery
to ≥95% of neonatal ventricular cells, with similar nuclear/cytosolic in-
tracellular RGS2 and RGS2eb distribution patterns and no apparent
changes in cell morphology or viability (Fig. 1). Thus, all subsequent ex-
periments involving viral-mediated gene deliverywere performed at an
MOI of 10. Following a 24 hour exposure, phenylephrine and isoproter-
enol both caused increases in cardiomyocyte cell size (Fig. 2A) and
levels of protein synthesis (Fig. 2B), which is consistent with our previ-
ous studies [20,22]. These agonist-induced increases were almost
completely blocked in cardiomyocytes overexpressing either RGS2 or
RGS2eb. Similarly, we tested whether RGS2eb expression could also at-
tenuate increases in the “fetal gene program”, a group of key molecular
markers associated with the hypertrophic phenotype including atrial
natriuretic peptide (ANP), α-skeletal actin and β-myosin heavy chain
(β-MHC). Both phenylephrine and isoproterenol were able to induce
an increase in the level ofα-skeletal actin, and phenylephrine treatment
additionally resulted in increases in ANP and β-MHC, as measured by
quantitative real-time PCR (Fig. 3). These increaseswere completely ab-
rogated in cells infected with either RGS2 or RGS2eb adenovirus.
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Fig. 3. The RGS2 eIF2B-binding domain blocks agonist-induced increases in genetic
markers of hypertrophy. NVM infected with either empty adenovirus (Control) or
adenovirus encoding full-length RGS2 (RGS2) or RGS2 eIF2B-binding domain (RGS2eb)
were treated with vehicle, phenylephrine (10 μM), or isoproterenol (10 μM) for 24 h.
Expression levels of (A) ANP, (B) α-skeletal actin, and (C) β-MHC were determined
using real-time PCR. mRNA levels were normalized to GAPDH mRNA and compared to
vehicle treated values. n = 3–4, done in duplicate. Error bars represent mean ± S.E.M.,
*p b 0.05, and **p b 0.01 versus vehicle treated, Ad-Ctr.

Fig. 4. The RGS2 eIF2B-binding domain does not affect Gs or Gq/11 signaling. (A) After
infection with either Control, RGS2 or RGS2eb adenovirus for 24 h, NVM were incubated
with myo-[3H]-inositol medium overnight, then stimulated with either vehicle, 10 μM
phenylephrine, 100 nM angiotensin-II, or 100 nM endothelin-1 for 15 min. n = 3–4,
performed in triplicate. Error bars represent mean ± S.E.M., *p b 0.05 and **p b 0.01
versus vehicle treated, Ad-Ctr; #p b 0.05 and ##p b 0.01 versus RGS2eb vehicle group. (B)
NVM were infected with control (solid squares), RGS2 (upright triangles) or RGS2eb

(downward white triangles) adenovirus for 24 h, followed by treatment with
isoproterenol at the indicated concentrations for 90 s. cAMP accumulation was assessed
using a commercially available kit according to the manufacturer's instructions. n = 3,
error bars represent mean ± S.E.M. Potency (pEC50) was significantly lower in RGS2-
infected cells (7.502 ± 0.04, 6.848 ± 0.09, 7.348 ± 0.11 in Ad-Ctr, RGS2 and RGS2eb

respectively, p = 0.05).
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3.2. RGS2eb does not impair G protein-mediated signal transduction

Based on its structure, the eIF2B-binding domain of RGS2 would not
be expected to enhance G protein GTP hydrolysis, and indeed, we failed
to detect any effect of this domain on the GTPase activity of an M1
muscarinic receptor-Gα11 fusion protein in Sf9 cell membranes
in vitro, whereas full length RGS2 and other B/R4 subfamily RGS proteins
produced clear stimulatory effects [18]. However, RGS2 also can inhibit
Gq-mediated phospholipase Cβ activity viaGTPase-independent “effec-
tor antagonism” [28–30]; additionally it can inhibit Gs-stimulated
adenylyl cyclase activity [15,22], although it does not alter Gs GTPase ac-
tivity [11,14]. Therefore we examined the possible effects of RGS2eb on
GPCR-stimulated second messenger production in neonatal rat
cardiomyocytes, as such effects could potentially contribute to its
antihypertrophic function. Total inositol phosphate formationwasmea-
sured as an indicator of PLCβ activity. RGS2 and RGS2eb expression did
not alter basal PLCβ activity as compared to control infected cells; how-
ever, upon receptor stimulation using phenylephrine, angiotensin II, or
endothelin-1, inositol phosphate formationwas significantly attenuated
in cardiomyocytes expressing full-length RGS2 (Fig. 4A). This attenua-
tion of PLCβ activity was absent from cells expressing RGS2eb indicating
that the eIF2Bε-binding region of RGS2 has nomeasurable effect on Gq/
11-mediated signaling.

To determine whether the eIF2B-interacting domain of RGS2 might
be capable of producing effects on Gs-mediated signal transduction,
we measured isoproterenol-stimulated intracellular cAMP accumula-
tion following infectionwith control, full-lengthRGS2, or RGS2eb adeno-
virus. RGS2 overexpression was able to reduce the isoproterenol-
induced, concentration-dependent increase in cAMP accumulation,
producing a roughly four-fold increase in EC50, whereas RGS2eb expres-
sion had little or no effect (Fig. 4B). This result implies that the eIF2B-
interacting domain of RGS2 does not inhibit isoproterenol-induced
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cardiomyocyte hypertrophy via an inhibitory effect on adenylyl cyclase
activity.

Mitogen-activated protein kinase signaling is thought to play a com-
plex role in cardiac hypertrophy [31], and RGS2 has been shown to gov-
ern the effect of GPCRs and G proteins on MAP kinases including ERK
1/2, JNK and p38 [19,20,25]. Therefore, we examined the effects of RGS2
and its eIF2B-interacting domain on ERK 1/2 phosphorylation. As
shown in Fig. 5, 10min of stimulationwith either phenylephrine or iso-
proterenol resulted in increased phosphorylation of ERK 1/2 in Ad-Ctr
as well as in RGS2eb-infected cells, whereas WT RGS2 overexpression
clearly blunted ERK 1/2 activation. It thus appears that the protective ef-
fect of the RGS2 eIF2B-interacting domain does not involve the ERK 1/2
signaling pathway. Taken together, the results of Figs. 4 and 5 imply that
the antihypertrophic effects of RGS2eb do not involve any inhibitory ef-
fects on either G protein-dependent second messenger production or
ERK 1/2 activation.
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3.3. RGS2 knockdown augments agonist-stimulated protein synthesis in
neonatal ventricular cardiomyocytes

In addition to examining overexpression of full length RGS2 on
levels of protein synthesis in cultured neonatal ventricular myocytes,
we also investigated whether cellular knockdown of RGS2 would
produce the opposite effects, i.e. increasing rates of protein synthesis
in these cells. Our initial work screened three commercially available
RGS2 siRNA duplexes (Sigma-Aldrich) for their abilities to decrease
RGS2 expression. After optimization of cell density/siRNA concen-
tration/lipid carrier ratios, RGS2 knockdown of roughly 75% was
achieved in cardiomyocytes using Lipofectamine-mediated transfection
with one of the siRNA sequences (siRNA#3), as measured by qPCR
(Fig. 6A). One other sequence (siRNA#1) produced no discernible
change in RGS2 expression levels while an additional one (siRNA#2)
produced an intermediate effect (data not shown), and these were not
used in subsequent experiments. RGS2 siRNA#3, the most efficacious
sequence, was tested for a functional effect on protein synthesis rates
Fig. 5. The RGS2 eIF2B-binding domain does not interfere with ERK 1/2 phosphorylation.
NVM were infected with Ad-Ctr, RGS2, or RGS2eb adenovirus for 24 h, followed by
treatment with vehicle, 10 μM phenylephrine, or 10 μM isoproterenol. Proteins in cell
lysates were separated by SDS-PAGE and transferred to PVDF membrane, and the
phosphorylation of ERK 1/2 was determined by Western blotting. The membranes were
stripped and reprobed with anti-ERK 1/2 antibody. Shown is a representative of 4
independent experiments, the densitometric data of which are summarized in the bar
graph in (B). Data are normalized to vehicle-treated, Ad-Ctr group and expressed as fold
increase over control. *p b 0.05 (matched-controls vs. treated group).
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Fig. 6. Effect of siRNA-mediated RGS2 knockdown on protein synthesis in neonatal
ventricular cardiomyocytes. (A) Scrambled control siRNA and an RGS2 siRNA sequence
were transfected into NVM using Lipofectamine 2000 reagent for 24 h. RGS2 expression
was then assessed by quantitative real time PCR. (n=4, done in duplicate). (B) Following
24 hour transfection, NVM were incubated with 1 μCi/ml [3H]-leucine for an addi-
tional 24 h to assess levels of protein synthesis (n = 4, done in quadruplicate). (C) Simi-
larly, NVMwere incubated with 1 μCi/ml [3H]-leucine for an additional 24 h with either
vehicle, 10 μM phenylephrine or 10 μM isoproterenol to assess levels of protein synthesis
following hypertrophic stimulation (n = 3, done in sextuplicate). Error bars represent
mean ±S.E.M., *p b 0.05, and **p b 0.01 versus scrambled or vehicle-treated, scrambled
Ctr as indicated. #p b 0.05 versus RGS2 siRNA#3, vehicle-treated group.
in NVM by [3H]-leucine incorporation and cells transfected with this
showed a 20% increase in protein synthesis levels (Fig. 6B).

Lastly, we investigated whether stimulation with adrenergic
agonists would further increase the hypertrophic response in cells
with decreased RGS2. As expected, stimulation with phenylephrine
and isoproterenol caused increased [3H]-leucine incorporation, and
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RGS2 and the sequence of the RGS2 eIF2Bε-binding domain. (B) The stimulation of
GPCRs coupled to Gq or Gs activates multiple overlapping kinase cascades that target
the constitutively active enzyme GSK3β, thereby decreasing its activity. This in turn
leads to an increase in the ability of eIF2B to activate its binding partner eIF2 and promote
protein synthesis and cell growth. RGS2 is able to inhibit GPCR-induced effector activation
as well as eIF2B activity, and the present results show that the latter inhibitory effect is
sufficient to impede GPCR-stimulated hypertrophy. MTS, membrane targeting sequence.
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indeed, this was further increased in cardiomyocytes with reduced
RGS2 (Fig. 6C). Taken together, these results suggest that a decrease in
RGS2 is detrimental during a hypertrophic state, and are consistent
with the interpretation that the ability of RGS2 to inhibit protein synthe-
sis in neonatal ventricular myocytes is an important component of its
antihypertrophic effect.

4. Discussion

The key finding of the present study is that cellular expression of the
eIF2B-interacting domain of RGS2 is sufficient to impede the develop-
ment of hypertrophy triggered by α1- and β-adrenergic agonists in
neonatal cardiomyocytes, notwithstanding its lack of any measureable
effect on second messenger production or ERK activation. Over-
expression of full length RGS2, in contrast, inhibited both Gq- and Gs-
mediated receptor signals as well as agonist-induced cardiomyocyte
hypertrophy, while RGS2 knockdown resulted in increased de novo
protein synthesis both in unstimulated cells and in those treated with
the α1-adrenergic agonist phenylephrine.

RGS2 affects multiple signaling processes in cells of the heart
[19,20,22,24,32–35], aswell as other endpoints relevant to cardiovascu-
lar function including blood pressure [36], vascular tone [36], endothe-
lial function [37], circulating catecholamine levels [38], and electrolyte/
fluid excretion [21,39]. Although hearts from mice lacking RGS2 show
no overt defects [40,41], such animals are highly sensitive to pressure-
induced hypertrophy and heart failure [25] and several previous studies
have shown RGS2 to impede cardiomyocyte hypertrophy induced by
GPCR agonists [19,20,22,24]. The physiological and pathophysiological
effects of RSG2 are generally attributed to its interactions with
heterotrimeric G proteins and their associated signaling partners; how-
ever, the present results suggest that its interactions with eIF2Bε [18]
are also important.

4.1. Antihypertrophic effects of RGS2 in cell-based assays

Cardiac hypertrophy is characterized principally by an increase in
cardiomyocyte size, which necessarily reflects increased protein syn-
thesis [6]. RGS2 has been shown to reduce protein synthesis in multiple
cell types [18,23], and its ability to block agonist-induced increases in
the incorporation of radiolabeled amino acids into neonatal rat
cardiomyocytes tracks with its ability to inhibit GPCR agonist-induced
increases in cell size [19,20,22,24,25].

Since RGS2 can inhibit both G protein-mediated signals as well as
eIF2B activity, its ability to attenuate hypertrophy could result from ei-
ther or both of these inhibitory effects, as illustrated in Fig. 7. The goal
of the present study was to establish whether or not the ability of
RGS2 to inhibit global protein synthesismight contribute to its observed
ability to block GPCR agonist-induced cardiomyocyte growth. Biochem-
ical cascades that promote hypertrophy in cardiomyocytes are triggered
by Gq-coupled α1-adrenergic, angiotensin II, V1 vasopressin and
endothelin-1 receptors and also β-adrenergic receptors, which couple
mainly to Gs [5,6,42]. Multiple downstream kinases activated by these
receptors converge on a conserved serine residue in GSK3β, the phos-
phorylation of which decreases the ability of this constitutively active
kinase to act on multiple substrates including the ε-subunit of the initi-
ation factor eIF2B. The phosphorylation of eIF2B limits its ability to acti-
vate eIF2, a rate-limiting step in mRNA translation [43]. Thus GPCR
activation increases cell size by derepressing protein synthesis. Al-
though G protein signaling also promotes other changes that increase
the efficiency and capacity of mRNA translation (such as ribosome bio-
genesis) [3], the receptor-dependent decrease in eIF2B phosphorylation
by GSK3β appears to be an essential step in isoproterenol-induced car-
diomyocyte hypertrophy [27] and may be for other hypertrophic GPCR
signals as well.

The present results show that eliminating the ability of RGS2 to
block the activation of G protein effectors does not prevent it from
attenuating GPCR-induced cardiomyocyte hypertrophy. RGS2 can, as
noted, target multiple points within the biochemical cascade that
leads from GPCR activation to eIF2 activation, and disabling one of
these interactions may potentially increase the utilization of the other.
Thus, conversely it would be interesting to also determine whether se-
lectively blocking the ability of RGS2 to inhibit mRNA translation had
any impact on its ability to inhibit either Gq- or Gs-mediated hypertro-
phic effects. We were not able to identify any RGS2-based constructs
lacking the ability to inhibit translation while retaining the ability to in-
hibit G protein-mediated signaling [18]; however, comparison with
other R4/B subfamily RGS proteins suggests that the ability of RGS2 to
inhibit Gq signaling likely contributes to its ability to impede the devel-
opment of hypertrophy. The related proteins RGS4 and RGS5 can inhibit
phenylephrine-stimulated protein synthesis in neonatal rat ventricular
myocytes [19] even though they do not appear to directly inhibit
protein synthesis ([18], Hong Ming and Peter Chidiac, unpublished
observations). In the case of isoproterenol-induced cardiomyocyte
hypertrophy, it is less clear whether the ability of RGS2 to inhibit Gs-
stimulated adenylyl cyclase activity is important. In this and other stud-
ies RGS2 appeared to reduce agonist potency [22] but had little or no
effect on maximal receptor-stimulated cAMP levels [19,22], and it
follows that the inhibition of protein synthesis by RGS2 may play a
more predominant role in this situation.

4.2. Effects on expression of hypertrophy-associated genes

The development of pathological cardiac hypertrophy is accompa-
nied by the renewed expression of characteristic fetal genes, and
similar transcriptional changes also occur in GPCR agonist-treated
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cardiomyocytes [4]. We found that both RGS2 and RGS2eb could block
the agonist-induced upregulation of ANP, α-skeletal actin and β-MHC
(Fig. 3), but the underlying mechanisms are uncertain.

GPCR-promoted expression of hypertrophy-associated genes is gen-
erally thought to result from the activation of calcineurin-dependent
NFAT activation, triggered by Gq- or Gs-induced increases in cellular
calcium [4]; RGS2eb however did not block G protein-mediated signals
in cardiomyocytes (Figs. 4 and 5) yet it still preventedmarkers of hyper-
trophy from increasing in response to G protein activation, suggesting
that additional or alternativemechanisms of gene inductionmay be im-
portant. It has been proposed that reversion to the “fetal gene program”

is a general response of the heart to stress [44], and in particular ER
stress is characteristic of hypertrophic and failing hearts [5,45].
Hypertrophy-associated genes are upregulated in cardiomyocytes
undergoing ER stress via calcineurin [46] and also via the transcription
factor UPR-1, which is activated in response to the accumulation of
misfolded proteins in the ER [47].

Treatment of isolated cardiomyocytes with angiotensin II [48], argi-
nine vasopressin [49], or isoproterenol [50] leads to ER stress, while
β-adrenergic receptor blocking drugs alleviate ER stress in animal
models of heart failure [51]. Since ER stress can be relieved by reducing
global protein synthesis [43], the present observations would appear to
be consistent with a mechanism wherein inhibition of agonist-induced
increases in gene expression by RGS2eb reflects its ability to inhibit
mRNA translation. It is well established that RGS2 is upregulated by
various stimuli that promote ER stress, and thus its ability to reduce
global protein synthesis may contribute to cell recovery [18,23]. It
follows that the ability of RGS2eb, aswell as RGS2, RGS4 and RGS5 to im-
pede agonist-promoted protein synthesis may be a key factor in reduc-
ing or preventing the genetic changes that accompany hypertrophy.

4.3. Antihypertrophic effects of RGS proteins in vivo

The enhanced degree of hypertrophy and increased incidence of
heart failure that develop in RGS2 knockout animals that have under-
gone transverse aortic constriction [25] clearly point to a protective
function of RGS2 in vivo; however many of the details of this beneficial
effect remain to be elucidated. Although RGS2 is acutely and selectively
upregulated in cardiomyocytes in response to Gq and Gs signaling
[19,20,22], in the long-term RGS2 is downregulated in vivo in experi-
mental hypertrophy and heart failure [24] but nonetheless a protective
effect of RGS2 is still implied by comparison to animals completely lack-
ing the protein [25].

The dwindling level of RGS2 in experimental hypertrophy suggests
that optimal levels under pathological conditions may be lower than
those under normal physiological conditions. Consistent with this
idea, the targeted overexpression of RGS2 to the myocardium in trans-
genic mice did not provide any additional protection against hypertro-
phy [52]. In contrast, the targeted overexpression of either RGS4 [53]
or RGS5 [54] to the myocardium has been shown to reduce cardiac hy-
pertrophy. It may be noted that RGS2 is normally expressed at much
higher levels than either RGS4 [55,56] or RGS5 [36,57] in the myocardi-
um, and that RGS4 tends to be upregulated in heart failure [55,58]. Still,
it is not clear why the targeted overexpression of RGS4 and RGS5 pro-
duced beneficial effects while RGS2 did not, as all three proteins appear
to have the capability to inhibit G protein-mediated signals that pro-
mote hypertrophy. These three RGS proteins are not identical, however,
and there may be varying selectivity among them for different patho-
genic versus protective GPCR signaling pathways in cardiomyocytes.
RGS2 also exhibitsmultiple properties not known to be shared by either
RGS4 or RGS5 including nuclear localization [59], low affinity for Gαi/o
[13], ability to inhibit Gs-stimulated adenylyl cyclase signaling [15], reg-
ulatory effects on several non-G protein targets [60], and the apparent
ability to promote apoptosis [61]. The present results show that the
eIF2B-interacting domain of RGS2 by itself can protect against hyper-
trophy at the cellular level, although further studies will be needed to
determinewhether such an effectmight also contribute to the apparent
ability of RGS2 to impede the progression of heart failure in vivo.
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